The tunica muscularis of the gastrointestinal tract including the stomach, small intestine, and large intestine is composed of smooth muscle. In contrast, the external muscle layer of the mammalian esophagus contains striated muscle fibers. These fibers extend from the pharyngoesophageal junction to the thoracic or abdominal portion of the esophagus. 
information and controls peristaltic contractions of the striated muscle portion of the esophagus via vagal motor neurons that directly innervate the muscle fibers. 10 In addition to the extrinsic nervous system, it has been demonstrated that intrinsic (myenteric) neurons in the esophageal striated muscle play modulatory roles in vagally mediated motility by using isolated esophageal segments. [11] [12] [13] [14] [15] [16] [17] [18] In brief, capsaicin-sensitive primary afferent neurons and intrinsic nitrergic and/or peptidergic neurons constitute a local neural reflex circuit. Activation of the neural reflex circuit inhibits the release of acetylcholine from vagal motor neurons and thereby suppresses contractile responses of the striated muscle elicited by vagal nerves. Furthermore, we have shown that the capsaicin-sensitive intrinsic neural circuit plays a coordinating role in vago-vagal reflex-induced esophageal peristalsis by using an in vivo method that enables evaluation of contractility of the esophagus. 10 The aim of the present study was to determine regulatory mechanisms of peristaltic motility in the striated muscle portion of the esophagus. For this purpose, an in vivo experimental system would be essential because peristaltic motility cannot be reproduced in isolated esophageal segments. In our previous study, esophageal peristalsis was evoked by pressure stimulation applied to the entire region of the esophageal lumen by filling the lumen with saline. 10 However, a situation in which pressure stimuli are applied simultaneously to the entire region of the lumen is practically impossible in the esophagus. Hence, we established a novel in vivo method in which distention stimulus to induce esophageal peristalsis can be applied focally in anesthetized rats. The method enables refined analyses with multiple parameters including pressure threshold for inducing peristaltic motility, transport distance, and transit velocity. By using the novel method, we characterized peristaltic motility in the striated muscle portion of the esophagus.
| MATERIAL S AND ME THODS

| Experimental animals
Male Sprague-Dawley rats (8-12 weeks of age, 250-400 g) obtained from Japan SLC, Inc (Shizuoka, Japan) were used. They were maintained in plastic cages under a 12:12 hour light:dark cycle (lights on at 07:00-19:00 hours) at 22 ± 2ºC and given free access to laboratory chow (MF, Oriental Yeast Co., Ltd, Tokyo, Japan) and water prior to the day before the experiment. They were fasted overnight (19:00-07:00 hours) and used for the experiments. The experimental procedures were conducted according to the guidelines for the care and use of laboratory animals and approved by the Animal Care and Use Committee of Gifu University (Permission numbers: 14100, 15094).
| Method for evaluating esophageal peristaltic motility in vivo
The rats were anesthetized with urethane (1.0-1.2 g kg −1 , ip) and heated to keep body temperature between 36 and 37°C with a heating pad connected to a rectal probe (BWT-100A; Bio Research Center Co., Ltd., Nagoya, Japan). For monitoring animal conditions, blood pressure was measured by cannulation of the femoral artery.
The femoral vein was also cannulated for drug administration.
The experimental setting for evaluating esophageal peristaltic motility in vivo is shown in Figure 1 . A latex balloon was attached to the tip of a polyethylene tube (outer diameter of 0.96 mm,
Key Points
• Esophageal peristalsis is controlled by brainstem via vago-vagal reflex. However, regulatory mechanisms of the peristalsis in the striated muscle portion are largely unknown.
• The threshold for inducing esophageal peristalsis varied according to the velocity of balloon distention in the esophagus. Keeping the balloon inside the esophagus prevented subsequent induction of peristaltic motility.
Application of a nitric oxide synthase inhibitor abolished the induction of esophageal peristalsis.
• Our findings may provide important insights into pathophysiological mechanisms of esophageal dysmotility.
F I G U R E 1 Experimental apparatus for recording esophageal motility in vivo. This schema shows the setup for recording esophageal motility in an anesthetized rat. For monitoring animal conditions, blood pressure was measured by cannulation of the femoral artery. A balloon-tipped catheter was placed in the esophagus through the oral cavity of a rat anesthetized with urethane. The intraesophageal balloon was inflated to induce esophageal peristalsis. The distance and initial velocity of balloon transport were measured for evaluating esophageal peristalsis SP-45; Natsume, Tokyo, Japan). The balloon filled with 100 µL of water was 5.5 mm in diameter. After removing the water from the balloon, the balloon was inserted into the esophagus through the oral cavity. 
| Vagotomy
Before performing the surgical procedure, esophageal peristaltic motility was recorded in an intact condition. Then the rats underwent a sham operation. After recording the motility in the shamoperated condition, the upper cervical vagal nerve was gently dissected free and cut with microscissors. The esophageal peristaltic motility in the vagotomized condition was finally recorded in the same rats.
| Macroscopic observation of esophageal peristaltic motility
Rats were artificially ventilated with air by means of a respirator (Rodent Ventilator Model 683; Harvard Bioscience, Boston, MA, USA). Ventilation was maintained at a rate of 100 cycles min −1 and a tidal volume of 3.0 mL. After ventilation, the distal portion of the esophagus was observed through a small incision between the ribs.
Then esophageal peristaltic movement following the stimulation by balloon inflation was confirmed macroscopically.
| Drugs
The following reagents were used: urethane (Tokyo Chemical Industry, Tokyo, Japan), NG-nitro-L-arginine methyl ester (L-NAME;
Wako Co. Ltd, Osaka, Japan), and L-arginine (Sigma-Aldrich, St. Louis, MO, USA). All drugs were dissolved in saline.
| Statistical analysis
Data are presented as means ± standard deviation (SD). The significance of differences between mean values was determined by oneway ANOVA followed by Tukey's multiple comparison tests using Statcel4 software (OMS Ltd., Saitama, Japan). P < 0.05 was considered statistically significant.
| RE SULTS
| Relationship between site of mechanical stimulation and induction of esophageal peristalsis
At first, we examined whether application of pressure stimulus to different sites of the esophagus is equally effective for inducing peristaltic motility. When the balloon was set near the thoracic inlet, that is, 4 cm from the upper incisors, balloon transport 
| Effects of repetitive application of pressure stimuli on induction of esophageal peristalsis
After the first inflation of the balloon to induce esophageal peristal- 
| Effects of vagotomy on induction of peristaltic motility in the esophagus
Involvement of the vagus nerve in esophageal peristalsis induced by balloon inflation was examined in rats in which the vagus nerve was transected. In a sham-operated condition, the balloon inflation induced transport of the balloon ( Figure 4B ) in a manner similar to that in the first response in an intact condition ( Figure 4A ). After cutting the vagus nerve, balloon transport did not occur even when the balloon was inflated above the threshold level ( Figure 4C , n = 7).
| Effect of speed of balloon inflation on peristaltic responses
To characterize the mechanosensory system that triggers esophageal peristalsis, the balloon was inflated at different speeds. In addi- were used. When the balloon was inflated at low speed, the threshold volume for initiation of balloon transport was 48.6 ± 13.2 µL ( Figure 5A ), which was significantly smaller than that observed in the middle speed condition ( Figure 5B ). In addition, the distance of balloon transport in response to low speed inflation (6.9 ± 2.0 mm) was significantly shorter than that in the middle speed condition.
The initial velocity of balloon transport in the low speed condition (3.05 ± 1.30 mm s −1 , n = 4) was comparable to that in the middle speed condition. In rats in which the balloon was inflated at high speed, the threshold volume (186.9 ± 52.5 µL, Figure 5C ) was larger than that observed in the middle speed condition. The distance (26.6 ± 3.5 mm) and the initial velocity (4.61 ± 2.74 mm s −1 , n = 4) of balloon transport in the high speed condition were not significantly different from those in the middle speed condition.
| Involvement of nitric oxide in induction of esophageal peristalsis
We previously demonstrated that intrinsic nitrergic neurons suppress release of acetylcholine from vagal motor neurons. 19, 20 It was therefore expected that blockade of nitrergic transmission would enhance the response if the local regulatory circuit is operated constitutively. To investigate role of nitrergic neurons in esophageal peristalsis, we used a nitric oxide synthase (NOS) competitive inhibitor, L-NAME. After recording the first response as a control ( Figure 6A ), L-NAME was administered intravenously (10 mg kg −1 ) at 15 minutes before the second stimulation. The effectiveness of L-NAME was confirmed by an increase in blood pressure after administration (data not shown). Contrary to expectation, the second stimulation induced esophageal peristalsis similarly to the first stimulation ( Figure 6B ). In contrast, esophageal peristalsis was not induced when the third stimulation was applied 30 minutes after the second stimulation ( Figure 6C , n = 5).
To examine whether elapsed time from L-NAME administration was a factor contributing to this phenomenon, the second stimulation was shifted to the timing at which the third stimulation was originally applied. Inflation of the balloon 45 minutes after L-NAME administration induced peristaltic motility in a manner similar to that caused by the first stimulation. The third stimulation after another
30-minute interval failed to induce esophageal peristalsis (data not shown).
To confirm that the absence of response to the second stimulation after L-NAME administration is due to suppression of nitric 
| D ISCUSS I ON
In this study, we aimed to characterize esophageal peristalsis in the striated portion by using a novel in vivo method in rats. Esophageal peristalsis is initiated by swallowing of a bolus in a conscious state. 5, 7, 21 As swallowing reflex is voluntary movement, 5, 21, 22 it is reasonable that our experimental system, in which esophagus motility was assessed under urethane anesthesia, cannot reproduce the reflex. Notably, balloon inflation at the upper portion of the esophagus failed to induce peristaltic motility even though It is of interest that the volume that was effective for inducing esophageal peristalsis atlow inflation speed ( Figure 5A ) could not trigger a peristaltic response when the balloon was distended at a relatively rapid inflation speed ( Figure 5B,C) . This suggests that, in addition to the intensity of distension, the velocity of distention is important for activating the mechanosensory mechanism to induce esophageal peristalsis. Intraganglionic laminar endings (IGLEs), specialized nerve endings of vagal afferents in myenteric ganglia of the esophagus, are thought to function as mechanoreceptors.
23-26
Recent studies have demonstrated that mechanical distension of esophageal IGLEs induced two types of activation of vagal afferents: tonic and phasic increases of the firing rate. 25 Distension with a slow speed failed to induce phasic activation, while tonic activation was observed. 25 Accordingly, it is reasonable to assume that tension-sensitive mechanoreceptors in esophageal IGLEs can be subclassified on the basis of distension velocity that is appropriate for inducing peristaltic motility. The results of the present study showed that several types of mechanoreceptors exist in the striated muscle portion of the rat esophagus and that relatively low threshold mechanoreceptors are activated only when the esophageal wall is distended slowly. Functional roles of the velocity-dependent activation of the mechanosensory system in peristaltic motility of the esophagus remain to be elucidated.
We found that peristaltic motility in response to slow rate distension (1 µL s −1 ) does not propagate over a long distance. This finding is consistent with the concept that a relatively low threshold mechanoreceptor responds specifically to slow distension. At the site of the stimulus, balloon distension by low-volume infusion is appropriate to trigger peristaltic motility because the mechanical stimulation is applied at a slow rate. In contrast, at the slightly aboral site where the balloon is transported, low-volume infusion is not effective for the mechanoreceptor due to quick distention of the esophageal wall, resulting in a short propagation of the peristaltic wave. In addition, our results provide evidence that complete propagation of the peristaltic wave to the end of the esophagus is accomplished by sequential operation of the vago-vagal reflexes at every part of the esophagus, in agreement with results of earlier studies. 27, 28 It has been reported that there are afferent fibers that are mostly located in the mucosa of the esophagus. [29] [30] [31] Considering the fact that these afferents are sensitive to pH and chemicals, [32] [33] [34] it is natural to assume that the primary function of the afferent fibers innervating the mucosa is to convey chemical information of intraesophageal contents. Notably, however, these afferents are also exquisitely sensitive to light touch of the mucosal surface. 35, 36 In the present study, keeping the balloon in the absence of inflation during the interval period prevented induction of a peristaltic response to the next stimulation ( Figure 3A) . Thus, the lack of responses in this study seems to be related to the touch-induced input from the afferent fibers. In accordance with this, it has been demonstrated that strong activation of one IGLEs reduced the excitability of other IGLEs belonging to the same unit. 25 Our results can be explained by assuming that persistent touching of the balloon to the mucosa promotes tonic activation of the afferent fibers, and then the tonic inputs from the fibers reduce the excitability of IGLEs, which is necessary for induction of peristalsis.
Striated muscle portion of the esophagus has morphological features: intrinsic nerves innervate motor endplates on striated muscle cells, an innervation pattern known as "enteric co-innervation," 3,17,18,37 which compose a functional local neural circuit. 16, 19, 20 As the neural circuit involving intrinsic nitrergic neurons in the esophagus wall inhibits acetylcholine release from the vagus nerve, 19, 20 we expected that administration of L-NAME, a typical inhibitor of NOS to block NO production, would enhance the peristaltic response. However, contrary to our expectation, L-NAME application abolished induction of esophageal peristalsis ( Figure 6C ). This is not due to nonspecific In this study, it should be stressed that an inhibitory effect of L-NAME was manifested in the second stimulation after L-NAME administration with no effect in the first stimulation ( Figure 6B,C ). An interesting mechanism of neuromodulation by NO in the central nervous system is retrograde modulation, [43] [44] [45] [46] that is, NO is released from activated post-synaptic neurons and the released NO modulates the function of pre-synaptic neurons.
For instance, in the neural circuit for respiratory regulation in the nucleus of the solitary tract (NTS), NO acts as a positive feedback messenger to augment pre-synaptic L-glutamate release. 47 Based on this concept, we speculate that the retrograde feedback modulation of NO is essential for creating a "standby" phase of the neural circuit regulating esophageal peristalsis. According to the speculation, our finding that L-NAME blocks the second response without affecting the first response can be explained as follows. Vagal afferents activated by esophageal distension induce activation of post-synaptic neurons in the NTS and then enhance release of NO from the post-synaptic neurons. The released NO, in turn, feeds back to vagal afferents, leading to a standby phase for induction of the next peristalsis. The first distention after L-NAME injection exerted peristalsis as the vagal afferents could already be in a standby phase. However, when the second balloon distention was applied, esophageal peristalsis was not induced because the vagal afferents could not be in a standby phase due to the lack of NO production of the activated post-synaptic neurons in the NTS.
By using the novel method, esophageal peristalsis can be induced repeatedly with a constant threshold for induction of peristalsis in a single animal. This would be beneficial for quantitative analysis of regulatory mechanisms of esophageal peristalsis because responses before and after experimental treatments such as drug administration and surgical operation can be compared in the same animals.
In summary, we characterized esophageal peristalsis in the striated portion by using a novel in vivo method in rats. Our findings suggest that different mechanoreceptors are activated according to the velocity of distention to initiate peristaltic motility in the striated portion of the esophagus. In addition, we demonstrated that NO plays an essential role in the induction of esophageal peristalsis.
Our findings provide new insights into the regulatory mechanisms of esophageal motility.
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